We isolated two cDNAs for the genes PpRPOT1 and PpRPOT2 that encode phage-type RNA polymerases (RPOTs) from Physcomitrella patens. Transcriptional activity of the encoded proteins was demonstrated by an in vitro transcription assay. Transiently expressed RPOT green fluorescent protein fusion proteins were both targeted to mitochondria. These results suggest that both PpRPOT1 and PpRPOT2 proteins function as mitochondrial RNA polymerases. Detailed phylogenetic analysis using neighbor-joining and maximum-likelihood methods with both DNA and protein sequences indicated that the two genes of P. patens form a sister group to all flowering plant genes. This suggests that the gene duplication leading to the production of plastid-type isozymes occurred after the separation of vascular plant lineage from bryophyte lineage. We therefore suggest that the generation of nuclear-encoded RNA polymerase of chloroplast is a rather recent event during the evolution of land plants.
Introduction
Plastids and mitochondria are semi-autonomous organelles that possess their own genetic information. It is generally accepted that both plastids and mitochondria arose from eubacteria-like endosymbionts, closely related to extant =-proteobacteria and cyanobacteria, respectively (Gray 1992 , Gray 1993 , Howe et al. 1992 . Plastids of flowering plants contain at least two types of RNA polymerases (RNAPs): one is the plastid-encoded eubacteria-type RNAP (PEP) and the other is the nuclear-encoded phage-type RNAP (NEP) (Hedtke et al. 1997, Hess and , which is related to polymerases of bacteriophages T7 and T3. In yeast mitochondria, only the phage-type RNAP encoded by a nuclear gene (RPO41) transcribes its genetic information (Masters et al. 1987) .
Recently, a number of nuclear-encoded phage-type RNAP genes (RPOT genes) have been obtained from a wide variety of flowering plants: Arabidopsis thaliana , Chenopodium album , Zea mays (Chang et al. 1999) and Triticum aestivum (Ikeda and Gray 1999) . There are no reports of such genes in lower land plants and algae.
The high similarity of sequences as well as the excellent conservation of introns in flowering plant RPOTs reported to date suggest that the plastid-type RPOT genes are generated from the mitochondrion-type RPOT gene by gene duplication ). However, we do not know when the gene duplication occurred to generate plastid-type RPOT gene, because of lack of information on homologues in lower land plants. Sato (2001) put forward a hypothesis on the discontinuous evolution of plastid genetic machinery: most transcription regulators that had been present in the cyanobacterium-like ancestor were rapidly lost after the endosymbiosis, while plastids of land plants acquired transcription factors and phage-type RNAP from the eukaryotic host (Sato 2001) . This evolutionary change of gene regulation in the plastid genome, which is also the basis of nuclear control of plastid gene expression, must have accompanied various changes in regulatory elements and interactions between components of transcriptional apparatus and regulators. The elucidation of this regulatory shift requires determination of the time or plants in which each change occurred. With this motivation in mind, we have been isolating RPOT cDNAs from lower land plants and characterized their intracellular localization and phylogenetic status.
In the present communication, we report the cloning of two different RPOT cDNAs from P. patens. Analysis of transcriptional activity and an in vivo targeting study suggest that both PpRPOT1 and PpRPOT2 gene products function in mito-chondria. In addition, we propose that gene duplication leading to the production of plastid-type isozymes occurred after the separation of vascular plants and bryophytes.
Results

Cloning and characterization of PpRPOT1 and PpRPOT2 cDNAs
Using the primers that were designed based on the sequences of known RPOT genes and EST clones, we amplified two short DNA fragments corresponding to PpRPOT1 and PpRPOT2. Two partial sequences were compared with the genomic sequences of the RPOT1, RPOT2 and RPOT3 genes of A. thaliana , Hedtke et al. 1999 ) to identify exons and introns. The relatively long exon sequence containing the domain VII for each partial cDNA was used as a probe to screen a cDNA library in lamda ZL vector. Two fulllength cDNA clones were obtained. These cDNAs encode putative polypeptides of 1,087 and 1,065 residues, respectively. Two methionine codons that may function as initiation codon are present in each cDNA sequence. We have no definite criterion to decide which of these is the correct initiation codon. Amino acid identity between PpRPOT1 and PpRPOT2 was 61%. After the submission of this manuscript, two genomic sequences encoding RPOT in P. patens were deposited (January 4, 2002) in the EMBL database by a German group. These two sequences (AJ416854 and AJ416855) exactly coincided with PpRPOT1 and PpRPOT2.
The alignments in Fig. 1 indicate that the two moss sequences are homologous to the sequences of known RPOTs and phage RNAPs. Especially, all eleven conserved domains are highly conserved in the putative polypeptides of PpRPOT1 and PpRPOT2. Similarity was high to plant sequences. A computer prediction of protein sorting with TargetP program (Emanuelsson et al. 2000) suggested that a putative transit sequence was present in each of the putative gene products, and they are both predicted to be targeted to mitochondria.
DNA-gel blot analysis ( Fig. 2A) at a high stringency detected a single band for each of PpRPOT1 and PpRPOT2. Under a low stringency condition, three additional faint bands were detected. These results do not exclude a possibility that another RPOT gene remains uncloned. The results of RNA-gel blot hybridization (Fig. 2B ) indicated that both PpRPOT1 and PpRPOT2 were transcribed. The size of transcripts was 4.2- Fig. 1 (a) and 3.4-kb, respectively. These sizes were consistent with the sizes of the cDNA clones, namely, 4,261-and 3,435-bp, respectively.
Transcriptional activity of recombinant PpRPOT1 and PpRPOT2 polypeptides
Recombinant proteins were expressed in E. coli cells. Each recombinant protein was designed to contain a hexahistidine tag at its N-terminus, which was made fused to the putative mature sequence lacking the putative transit sequence. After induction of expression in E. coli cells, soluble protein fraction was obtained and applied to an affinity column, filled with nickel-nitrilotriacetic acid (Ni-NTA) agarose. The recombinant protein was eluted with 250 mM imidazole (Fig. 3A) . The purified PpRPOT1 protein migrated as a single band in SDS-PAGE, and the estimated size was 110 kDa as expected (110, 388 Da) . The size of PpRPOT2 protein was 115 kDa and was consistent with the expected value (108,790 Da).
The transcriptional activity of the purified recombinant protein was measured in an in vitro assay system with calf thymus DNA as a template (Fig. 3B) . The incorporation of UMP residue into RNA increased linearly with time up to 60 min for PpRPOT1 and 30 min for PpRPOT2. The reaction was dependent on the amount of protein added in the reaction mixture. Curiously, the activity of PpRPOT1 was one order of magnitude higher than that of PpRPOT2. The preparation of PpRPOT2 contained some impurity or degradation products (Fig. 3A, lane 8) , which might lowered its enzymatic activity to some extent. Other possibilities are either that the absolute activity of PpRPOT1 is higher, or that the calf thymus DNA is Fig. 1 Amino acid sequence alignment. PpRPOT1, PpRPOT2 (Physcomitrella patens) and Acv (Adiantum capillus-veneris) are reported in this study. The following sequences were obtained from the GenBank database: AT-Pt (Arabidopsis thaliana; Y08463); ZM-Pt (Zea mays; AF127022); TA-Pt (Triticum aestivum; U34402); CA-Mt (Chenopodium album; Y08067); ZM-Mt (Zea mays; AJ005343); TA-Mt (Triticum aestivum; AF091838) AT-Mt/Pt (Arabidopsis thaliana; AJ001037); AT-Mt (Arabidopsis thaliana; Y08137); SC (Saccharomyces cerevisiae, product of the RPO41 gene; M17539); T7 (Bacteriophage T7; M38308). Lines below the sequences indicate conserved domains (I to XI) between T7 and others. Signature sequence is described in Fig. 6 . Pt: plastid-type, Mt: mitochondrion-type. Arrows indicate cleavage sites predicted by TargetP. not a good template for PpRPOT2, or that the construct of Histag fusion of PpRPOT2 did not maximize its activity. The transcriptional activity of both enzymes was not affected by addition of rifampicin (Fig. 3C ). This indicates that the RNA polymerase of E. coli host did not contaminate the preparation of PpRPOTs.
Subcellular localization of PpRPOT1 and PpRPOT2 gene products
To examine the subcellular localization of the PpRPOT1 and PpRPOT2 proteins, we prepared two fusion constructs, each containing respective putative N-terminal transit peptide and the GFP coding region under the control of cauliflower mosaic virus 35S promoter. These constructs and unfused sGFP vector as a control were introduced into the moss protoplasts by polyethylene glycol-mediated transformation. One day after transformation, the protoplasts were examined by fluorescence microscopy (Fig. 4) . Green fluorescence of both TP1-GFP (Fig. 4B ) and TP2-GFP (Fig. 4F ) was localized in structures of punctate morphology. Chloroplasts were identified by the red fluorescence of chlorophyll (Fig. 4C ). Mitochondria were identified by the red-orange fluorescence of MitoTracker that specifically stains mitochondria (Fig. 4D) . The particulate structures in which TP1-GFP and TP2-GFP were localized were also stained with MitoTracker, suggesting that both PpRPOT1 and PpRPOT2 are targeted to mitochondria. However, in none of the experiments were RPOT-GFP fusions found in chloroplasts. By contrast, the control GFP was vaguely located within the cell nucleus and cytoplasm (Fig. 4H ).
Phylogenetic analysis
To estimate the molecular phylogeny of the RPOT genes of P. patens, we constructed an alignment of nucleic acid sequences of RPOT genes and an alignment of amino acid sequences of their products. These alignments were used to construct phylogenetic trees by the NJ and ML methods. The details of this analysis are described in Materials and Methods. Fig. 5 A shows the phylogenetic tree made by the NJ method with T7 phage RNAP as the outgroup. RPOT genes of flowering plants are highly conserved but were clearly separated into two groups, representing genes for plastid-and mitochondrionlocalized enzymes. However, RPOT genes from P. patens formed a sister group to the flowering plant genes. In addition, essentially identical results were obtained with protein and nucleic acid sequences. High bootstrap supports were obtained in these trees.
Essentially similar results were obtained by the ML method ( Fig. 5B) . Because of limitation of number of sequences that can be analyzed by the exhaustive search algorithm, selected sequences were used in this analysis. The basic shape of the tree, in which P. patens RPOTs are in a sister group to the plastid-type and mitochondrion-type genes, was identical in the analyses with protein and nucleic acid sequences. In the ML method, the confidence level of each tree was assessed by log-likelihood value rather than by bootstraping. The log-likelihood is used to evaluate different trees, and the tree that gives the largest (smallest negative) log-likelihood value is predicted to be the most probable. The log-likelihood value of the tree type (1), in which P. patens sequences are sister to flowering plant sequences was always significantly larger (more positive) than the log-likelihood values for tree types (2) and (3), in which P. patens sequences were placed within the clusters of flowering plant sequences. These results suggest that the nuclear genes encoding plastid RPOT (or NEP genes) were created by gene duplication of the nuclear gene encoding mitochondrial RPOT, and that this gene duplication occurred after the separation of the vascular plant lineage from the bryophytes lineage.
Analysis of signature sequence
By close examination of the amino acid alignment ( Fig. 1 ) in the region between domains IX and X, we found a diagnostic region showing distinct characteristic residues specific to mitochondrion-type and plastid-type RNAPs of flowering plants as well as RNAPs of yeast, moss and phage (Fig. 6 ). In this analysis, additional sequences from algae and a fern were included. In this region, there are several amino acid residues and deletions that characterized each group of sequence. PpRPOT1 and PpRPOT2 were not similar to those of mitochondrion-or plastid-type enzymes of flowering plants in this region. The two-residue deletion was not found the PpRPOT1 and PpRPOT2 proteins. The site of this deletion is not near the putative intron-exon junctions, which are known to be rather variable. To further characterize the stage at which the gene Fig. 2 Hybridization analysis. (A) Genomic DNA (3 mg) of P. patens was digested with EcoRI (lanes 1, 3, 5 and 7) and HindIII (lanes 2, 4, 6 and 8) and separated on a 0.8% agarose gel. After transfer to nylon membranes, the blots were probed with DIG-labeled probes containing the domain VII of PpRPOT1 (lanes 1, 2, 3 and 4) and PpRPOT2 (lanes 5, 6, 7 and 8) genes. Hybridization was performed under high (lanes 1, 2, 5 and 6) or low stringency conditions (lanes 3, 4, 7 and 8). DNA marker positions are labeled on the left. Arrowhead indicated additional faint bands were detected under a low stringency condition. (B) Total RNA (15 mg) from P. patens was separated on a 1.2% agarose gel. After transfer to nylon membranes, the blots were probed as described above. Lane 1, PpRPOT1; lane2, PpRPOT2. duplication leading to the production of plastid isozymes occurred, we obtained a partial sequence of RPOT gene of a fern, Adiantum capillus-veneris. The putative RPOT protein sequence of A. capillus-veneris did not share the two-aminoacid deletion with angiosperms. A partial RPOT sequence of a Pinus taeda was also available in the database. The Pinus sequence, though it is unclear whether this is mitochondrial or chloroplastic, also retained two amino acids at this site. These results suggest that the gene duplication occurred even later, namely, after the separation of angiosperms and gymnosperms. Further study with sequences from various different plants will be necessary to determine when the gene duplication occurred.
Discussion
Isolation of PpRPOTs
We isolated from the moss P. patens two cDNAs encoding mitochondrial RNA polymerases, that were similar to T3/ T7 RNA polymerases consisting of a single polypeptide. Both cDNAs were judged to be full-length or nearly full-length, because the size of transcripts coincided with the cDNA size for each cDNAs. The deduced amino acid sequences of the two proteins were similar to each other, but they were different in the N-terminal part, resulting in slightly different sizes of polypeptides. The enzymatic activity of these two proteins was confirmed by the transcription assay using calf-thymus DNA as a template. The localization of these two enzymes in the mitochondria was identified by two methods, namely computerassisted prediction of targeting sequence and fluorescence microscopic analysis of GFP-fusion proteins. Although final confirmation of mitochondrial localization by different methods, such as immunoblot analysis of mitochondrial proteins, might be useful, we currently have no good antibody to perform this analysis. We raised antibodies against a short synthetic polypeptide (15 aa) of RPOT protein. They clearly reacted with the recombinant polypeptides of PpRPOTs but no significant band was detected with mitochondrial or chloroplast proteins of P. patens. This failure suggests that the level of these RNA polymerases in the mitochondria is very low.
The presence of multiple isozymes of phage-type RNA polymerases has also been reported in various plants, such as Fig. 3 Expression and activity of PpRPOT enzymes. (A) Expression and purification of recombinant proteins. E. coli M15/pREP4 transformed with pQE-1 or pQE-2 or pQE (vector control), which were either before induction (lanes 1, 3 and 6) or after induction (lanes 2, 4 and 7) with 0.5 mM IPTG at 20°C for 4 h. After the induction, total proteins were separated into the soluble and the insoluble fractions. The soluble fraction was allowed to bind to a Ni-NTA agarose and eluted with 250 mM imidazole (lanes 5 and 8). The proteins were analyzed by SDS-PAGE, using 7.5% gel. (B) Transcriptional activities of PpRPOT1 and PpRPOT2, that was measured as incorporation of [ 3 H]UTP using calf thymus DNA as a template. The reaction mixtures were incubated for 0, 5, 10, 30 and 60 min at 25°C. After reaction, 5 ml aliquots were spotted onto DEAE-paper. The incorporated radioactivity was determined by a liquid scintillation counter. Triangles, activity with 40 ng ml -1 PpRPOT1 or 30 ng ml -1 PpRPOT2; squares, activity with 80 ng ml -1 PpRPOT1or 60 ng ml -1 PpRPOT2. (C) Effect of rifampicin. Incubation was performed in the presence of rifampicin 50 mg ml -1 for 60 min. Open symbols, no rifampicin; filled symbols, rifampicin. Signature sequence in T7 RNAP and RPOT enzymes. Distinct difference between enzymes of higher plants and others, as well as between mitochondrion-and plastid-type RNAPs were found in this region. Deletion of two amino acid residues was found in higher plant enzymes, and characteristic amino acid residues specific to mitochondrion-(red) and plastid-type (green) enzymes of higher plants and conserved amino acid residues (blue) are indicated. Putative partial sequence of RPOT gene of A. capillus-veneris was obtained in this study.
A. thaliana. In these cases, one isozyme or two are localized in the mitochondria, while one isozyme is localized in the plastids. In Z. mays, another copy of RNA polymerase gene is present in a mitochondrial plasmid (Kuzmin et al. 1988 ). In A. thaliana, one enzyme is targeted to mitochondria, and another is targeted to plastids, while yet another is able to be targeted to both mitochondria and plastids. In P. patens, however, the two enzymes are both targeted to the mitochondria. Whether or not another isozyme is localized in the plastids is an important problem. Since the results of DNA-blot analysis suggested the presence of another copy of RNA polymerase, this is an interesting possibility. We measured the transcriptional activity of the chloroplasts from protonemata of P. patens, but the activity was totally inhibited by tagetitoxin, an inhibitor of bacteriatype RNA polymerase. Protonematal cells contain large mitochondria and developing chloroplasts, and therefore are not as developed as gametophyte cells. In this respect, protonemata are comparable with developing seedlings of flowering plants, in which the so-called nuclear-encoded RNA polymerase (NEP) is active in the chloroplasts. This is therefore taken as evidence for the absence of phage-type RNA polymerase in the chloroplasts of P. patens. Another line of evidence for the absence of the chloroplast NEP in P. patens comes from the comparison of promoter regions of known NEP-dependent genes, such as rpoB and accD (Fig. 7) . Each promoter region of these genes is highly conserved in flowering plants (monocots and dicots), whereas it diverges drastically in moss or liverwort chloroplast genomes. The promoter region of these genes is supposed to have changed radically during the evolution of ancestral gymnosperms to angiosperms. The gene maps in Fig. 7 suggest that the role of NEP in transcription of these genes is possibly limited to angiosperms.
The functional difference, if any, of the two mitochondrial polymerases in P. patens is also an interesting problem. The two polypeptides are different not only in sequence and size but also in activity (Fig. 3B) , although there are a number of explanations for the differences in activities of recombinant proteins as mentioned earlier. We are currently trying to disrupt the PpRPOT1 gene by homologous recombination, but this has not been successful by now. We are considering a possibility that PpRPOT2 preparation was not completely purified and that the two isozymes might play distinct roles within the cell, and therefore none of these genes can be inactivated under normal growth conditions. Another possibility is that the PpRPOT2 gene might be dispensable. The answer to this question will be obtained after further screening of putative disruptants.
Phylogenetic considerations: origin of plastid RPOT by gene duplication
The results of the phylogenetic analysis suggested that the two moss RNA polymerases belong to a group that is a sister to all the angiosperm polymerases. This result is supported not only by the NJ method but also by the ML method, which argued against the monophyly of moss sequences and plant sequences for mitochondrial enzymes. However, we should keep it in mind that phylogenetic analysis is limited by a relatively small number of sequences available and the lack of a priori criteria to ascertain that all the sequences that we used in the analysis are orthologous, i.e. all sequences originate from a single ancestral sequence. Therefore, the results as presented may be the best inference possible at the moment. Nevertheless, the results suggest rather clearly that the gene duplication that generated plastid isozymes occurred in the vascular plant lineage after its separation from the moss lineage. This is also evidenced by the comparison of signature sequences, in which deletion of two amino acid residues occurred in angiosperms. Close examination of the signature sequences suggests that mitochondrial and chloroplastic RPOT sequences were diversified after this deletion event.
This conclusion is independent of the argument concerning the presence or absence of NEP in P. patens, namely, if another copy of PROT gene exists in P. patens, which encodes an isozyme localized in the plastid, this does not change our conclusion described above. Firstly, if the third copy is clustered within the cluster of angiosperm sequences, there are two possibilities: (1) the third copy is a result of horizontal transfer, or (2) the RPOT genes are diversified before the moss separation of vascular plants, and the first lineage gave rise to the two PpRPOT genes identified in the present study while the second lineage yielded the hypothetical third copy and all plant RPOT genes, i.e. gene duplication occurred in ancestral mosses in this lineage. In the latter case, the original copy of the second lineage might have been lost and only the copy encoding the plastid-localized enzyme remained. This possibility cannot be excluded in a rigorous sense, but close examination of the phylogenetic tree in Fig. 5A suggests that this is unlikely. The tree Fig. 7 Comparison of gene arrangement in the upstream regions of the accD and rpoB genes in the plastid genomes of representative plants. A. The upstream region of accD. The upstream region of the accD gene was rearranged during the evolution from gymnosperms to angiosperms, with removal of the trnR gene and introduction of NCII (non-consensus II) promoter (Kapoor et al. 1997) . B. The upstream region of rpoB. Unidentified ORF is present between the upstream trnC gene and the rpoB gene in gymnosperms and bryophytes, whereas in angiosperms, the trnC gene is located just upstream the rpoB gene. The upstream region of the rpoB gene was, therefore, also rearranged during the evolution from gymnosperms to angiosperms.
indicates that the separation of genes for the mitochondrial and plastid enzymes occurred before the separation of dicots and monocots. The very short distances between the branching points corresponding to these two events in Fig. 5A suggests that the gene duplication leading to the mitochondrial and plastid isozymes occurred shortly before the separation of dicots and monocots rather than within mosses. Secondly, if the third copy is clustered with the two P. patens sequences but encodes an isozyme localized in the plastid, then we should conclude that the gene duplication occurred more than once in various lineages.
In conclusion, available data suggest that the gene duplication leading to the production of plastid isozymes occurred after the separation of vascular plants and mosses from their common ancestor, most likely after the separation of flowering plants and pteridophytes, or even after the separation of angiosperms and gymnosperms.
Materials and Methods
Plant material
Gransden strain of P. patens (Hedw) Bruch & Schimp subsp. patens Tan was grown in minimal medium supplemented with 5 mM diammonium (+)-tartrate as described previously (Hashimoto and Sato 2001) . Agar (0.8%) plates were used for maintaining the stock culture at 25°C. Light was provided by a bank of fluorescent lamps at a fluence rate of about 50 mmol m -2 s -1 .
Preparation of nucleic acids and cDNA library Total DNA was isolated using the CTAB method as described previously (Draper and Scott 1988) . Total RNA was isolated using RNeasy (Qiagen, Hilden, Germany) from 7-day-old protonemata. A cDNA library was constructed from the poly(A) + RNA fraction of 7-day-old protonemata, which was isolated from total RNA using Dynabeads Oligo (dT) 25 (Dynal, Oslo, Norway) according to the manufacturer's recommendation. The cDNA synthesis was performed using the Superscript System for cDNA Synthesis and ZIPLOX Cloning kit (Invitrogen). Total DNA was also prepared from the sporophyte (leaves) of the fern A. capillus-veneris using DNeasy (Qiagen).
Cloning of RPOT genes
Degenerate and nested PCR was carried out, to obtain portions of RPOT genes that might be present in P. patens. First, PCR was carried out with genomic DNA using degenerate primers A1 (5¢-TGYAAYG-GICTICARCAYTAY-3¢) and C1 (5¢-IGARTCRTGIACICCIGCRAA-3¢), which were designed based on highly conserved regions of RPOT. Second PCR was carried out with the product of the first PCR using degenerate primers B2 (5¢-GTIAARCARACIGTIATGACI-3¢) and R2 (5¢-GGYTGIACIACIGGIARICC-3¢). The PCR products were cloned into pCR2.1-TOPO (Invitrogen). We obtained a short fragment of RPOT gene as a result of PCR and named the gene PpRPOT1. In addition, by a homology search in the GenBank database with PpRPOT1, a partial sequence of another RPOT gene of P. patens was found in the EST database (AW156104). Primers EST-F (5¢-AACATTATGCAG-CATTAGCT-3¢) and EST-R (5¢-CAGATGTCATCACAGTCTGT-3¢) were designed based on the EST sequence. PCR was carried out with genomic DNA and the PCR product was cloned. We named it PpRPOT2. Putative exon sequences of these portions of RPOT genes were used as probes to screen a cDNA library in lamda ZL vector (Invitrogen). cDNA clones for putative RPOT gene were isolated. pZL plasmids were obtained by in vivo excision from the lamda ZL vectors and named pZL-1 and pZL-2, respectively.
We carried out degenerate PCR using primers A1 and C'1 (5¢-IGTCCARWAIGARTCRTGIAC-3¢), to obtain a portion of RPOT gene that might be present in A. capillus-veneris. The amplified DNA was cloned in pCR2.1-TOPO to make a mini-library, which was then screened using the domain VII probe of PpRPOT1. As a result, two identical clones were obtained.
DNA sequencing was performed by the dye-terminator method using the sequencer model 310 (Applied Biosystems). DNA sequence was analyzed with the programs AutoAssembler (Applied Biosystems) and GENETYX (Software Development Co. Ltd. Tokyo). Putative organellar targeting signal was analyzed by the computer program TargetP version 1.01 (Emanuelsson et al. 2000) at the URL, http:// www.cbs.dtu.dk/services/TargetP/.
DNA-and RNA-blot hybridization
Three-microgram genomic DNA was digested with EcoRI and HindIII and the DNA fragments were resolved on 0.8% agarose gels. The restriction fragments were transferred to nylon membranes (Hybond-N + , Amersham Bioscience) according to the manufacturer's recommendation. After prehybridization, hybridization was carried out with digoxigenin-labeled probes containing the domain VII of each of the PpRPOT1 and PpRPOT2 genes at a low stringency (with 20% formamide) or high stringency (with 50% formamide). Other details of DNA-blot hybridization including chemiluminescent detection have been described previously (Sato 1995, Hashimoto and Sato 2001) .
RNA-blot analysis was performed essentially as described previously (Sato 1995) . Briefly, 15 mg of total RNA was electrophoresed in 1.2% agarose gels, and then transferred to Biodyne A membrane. The probe contained the domain VII as described above. ULTRAhyb ultrasensitive hybridization buffer (Ambion) was used for RNA-blot hybridization.
Expression and purification of recombinant PpRPOT1 and PpRPOT2
The DNA fragments covering the amino acids 121 to 1,087 of PpRPOT1 and 114 to 1,065 of PpRPOT2 were amplified from pZL-1 and pZL-2 using the primer pairs, 1Bam-F (5¢-ATGGATCCA-GATCGTCGTCTGATTCTGTG-3¢, restriction site is underlined) and 1Sal-R (5¢-ATGTCGACGTACCAGCAGCAGTTACTT-3¢), or 2Bgl-F (5¢-ATAGATCTTTGACACCATTAGATTCCGCA-3¢) and 2Sal-R (5¢-ATGTCGACGACCACAGAACATGAAACT-3¢). These PCR products were digested with SalI and BamHI, and inserted into the SalIBamHI sites of expression vector pQE30 (Qiagen). The resulting plasmids were named pQE-1 and pQE-2, respectively. E. coli M15/pRep4 (Qiagen) cells were transformed with pQE-1 or pQE-2 and were grown in LB medium containing 100 mg ml -1 ampicillin and 50 mg ml -1 kanamycin to OD600 of 0.4 at 30°C. The expression of the cDNA was induced by the addition of 0.5 mM isopropyl-a-D-thiogalactopyranoside (IPTG) and the incubation was continued at 20°C for 4 h. Cells were harvested by centrifugation, and resuspended in lysis buffer consisting of 50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole and 0.1% Triton X-100. Cells were disrupted by Parr homogenizer (Ashcroft) with N 2 gas at 10 7 Pa, and then sonicated with cooling on ice. The soluble fraction was obtained by centrifugation at 18,000´g for 30 min at 4°C, and was allowed to bind to Ni-NTA agarose matrix (Qiagen). After washing in 20 mM imidazole, the bound hexa-histidine-tagged protein was eluted with elution buffer containing 250 mM imidazole.
In vitro transcription
Transcriptional activity of recombinant PpRPOT1 ) or PpRPOT2 (30 or 60 ng ml -1 ). The reaction mixtures were incubated for 0, 5, 10, 30 and 60 min at 25°C. The effect of 50 mg ml -1 rifampicin was analyzed with incubation period for 60 min. After reaction, 5 ml aliquots were spotted onto DEAE-paper (DE-81, Whatman). After successive washing with 5% Na 2 HPO 4 , H 2 O and ethanol, the incorporated radioactivity was determined by liquid scintillation counting.
Subcellular localization of GFP-fusion proteins
The DNA fragments encoding the putative N-terminal region of PpRPOT1 (amino acids 1-120) and PpRPOT2 (amino acids 1-114) were amplified from pZL-1 or pZL-2 plasmids, respectively, using primers BcaBEST Sequencing Primer M13-20 (TaKaRa) and 1-GFP.R (5¢-ATCCATGGAGAATCCAACTTTAGTGT-3¢) or 2-GFP.R (5¢-TAC-CATGGTCAAGGAGGAAGGGGA-3¢). A plasmid sGFP (Chiu et al. 1995) , which contains synthetic GFP with S65T mutation and optimized codon usage for plants under the control of cauliflower mosaic virus (CaMV) 35S promoter, was provided by Dr. Kobayashi and Dr. Niwa. The PCR products were digested with NcoI and SalI, and inserted into the NcoI-SalI sites of sGFP, which are between the CaMV 35S promoter and the GFP coding sequence, to make TP1-GFP and TP2-GFP. The original plasmid sGFP was used as control. These plasmids were introduced into the protoplasts of P. patens by polyethylene glycol-mediated transformation (Schaefer 1994 , Nishiyama et al. 2000 . One day after transformation, the fluorescence of GFP (green) and chlorophyll (red) of the protoplasts were examined by fluorescence microscopy. To identify mitochondria, we used the MitoTracker (Molecular Probes, Eugene, Oregon, U.S.A.) that stained specifically mitochondria as a counterstain and the fluorescence (red-orange) examined. MitoTracker was used at a final concentration of 250 mM in the growth medium with addition of 6.6% mannitol and 0.5% glucose. The protoplasts were suspended in the prewarmed (25°C) MitoTracker-containing medium and incubated for 45 min at 25°C. Then, the protoplasts were washed by centrifugation and resuspension.
Phylogenetic analysis
Database sequences and alignment files were manipulated using the SISEQ package (Sato 2000) . Alignments of amino acid sequences were constructed by the Clustal X program version 1.81 (Thompson et al. 1994 ) with final manual adjustment. The N-terminal part was excluded from the alignment, because the N-terminal part was highly variable. A nucleic acid alignment was made based on this amino acid alignment using the 'nucaln' command of SISEQ package. This program generates a nucleic acid alignment file that exactly corresponds to an amino acid alignment, which is better than a nucleic acid alignment obtained by directly aligning with Clustal X in that unconserved codon triplets are neatly aligned. We also extracted the three codon positions from the nucleic acid alignment and the three alignments were separately subjected to phylogenetic analysis. However, no essential differences were found with different codon positions. Phylogenetic trees were constructed by the NJ and ML methods. In the analysis by the NJ method, Dictyostelium discoideum (GenBank accession AF361480) and Nicotiana sylvestris (NS-Mt: AB058954, NS-Mt/Pt: AB058957) sequences were included in the analysis. However, these sequences were not used in the ML analysis because of limitation of number of sequences that are allowed to be analyzed in the exhaustive search mode. The programs used were DNADIST, PROTDIST, NEIGHBOR, SEQBOOT and CONSENSE from the PHYLIP package (Felsenstein 1988) for the NJ method, and the NUCML and PROTML (Adachi and Hasegawa 1992) for the ML method. Graphical representation of phylogenetic tree was made by the TreeView program (Page 1996) .
Analysis of signature region
To complement phylogenetic analysis by computer, we selected the signature region that showed clear differences in clusters by eye from the entire alignment of the PROT sequences. In this analysis, the sequences from bacteriophage T7, S. cerevisiae, D. discoideum, Guillardia theta (cryptophyte, GenBank accession U34404), Pycnococcus provasolii (prasinophyte, U34286), P. patens, A. capillus-veneris, Pinus taeda (AW011540) and flowering plant sequences were used.
